We propose a novel structure that can reduce the power consumption and extend the transmission distance of an electro-absorption modulator integrated with a DFB (EADFB) laser. To overcome the tradeoff relationship of the optical loss and chirp parameter of the EA modulator, we integrate a semiconductor optical amplifier (SOA) with an EADFB laser. With the proposed SOA assisted extended reach EADFB laser (AXEL) structure, the LD and SOA sections are operated by an electrically connected input port. We describe a design for AXEL that optimizes the LD and SOA length ratio when their total operation current is 80 mA. By using the designed AXEL, the power consumption of a 10-Gbit/s, 1.55-μm EADFB laser is reduced by 1/2 and at the same time the transmission distance is extended from 80 to 100 km.
Introduction
The continuous increase in data traffic caused by the use of smart phones and cloud computing has resulted in increased power consumption at datacenters. This increase in power consumption is becoming a social issue, because it has a big impact on our total daily power consumption. There are two ways to reduce datacenter power consumption. One is to reduce the power consumption of the optical network system itself, and the other is to reduce the number of datacenter branches and thus eliminate the power needed for transmitting between datacenters. Although there are two effective approaches, they are both affected by the same bottleneck, namely the characteristics limitation of the optical devices that support optical network systems. The challenge now is to try to reduce the power consumption of the optical devices and increase their transmission distance, while simultaneously increasing the signaling rate.
An electroabsorption modulator integrated with a distributed feedback (EADFB) laser is widely used as an optical light source for many applications such as datacenter connection, and within datacenters. In fact, the EADFB laser has already been employed in a 100GbE optical system [1] , and is expected to be employed in a 400GbE optical system [2] . We believe there is a strong need to reduce the power consumption of the EADFB laser and extend the transmission distance without any drawbacks. However, there is a technical issue with the EADFB laser as regards reducing its power consumption while simultaneously extending its transmission distance. The Kramers-Kronig (K-K) relation of the EA modulator (EAM) inevitably limits any simultaneous improvement of power consumption and transmission distance. This means that if we want to extend the available distance for the EAM, its optical loss inevitably increases. The LD injection current needs to be increased to compensate for this loss, and this results in increased power consumption. There have been some reports describing how to improve the characteristics of the EADFB laser by designing the multiple-quantum well (MQW) structure of the EAM section and optimizing the entire structure of the EADFB laser [3]- [7] . But optimization of the MQW cannot overcome the K-K relation, and therefore a novel approach is required. There have been some reports about a new concept that could lead to a breakthrough allowing the EADFB laser to overcome the K-K relationship problem. A dual-modulation scheme has been reported [8] . This method can extend the transmission distance of the EAM, but it requires complicated phase tuning of the electrical input signal and an additional RF input port for the LD. A chirp compensation scheme with a semiconductor optical amplifier (SOA) has been reported [9] . This method can use a reverse change in carrier density for the EA and SOA sections, and this can suppress the chirp parameter of the EA section. An important problem with this scheme is how to suppress the additional power consumption needed for the SOA section compared with a conventional EADFB laser. Recently, we demonstrated an optical output power increase with reduced power consumption by integrating a short SOA with an EADFB laser [10] . We also demonstrated a method of suppressing the pattern effect of the SOA by changing the injection current of the SOA section [11] . These reports indicate that integrating a short SOA with an EADFB laser greatly improves the characteristics of the EADFB laser without any increase in total power consumption. The final goal is to reCopyright c 2017 The Institute of Electronics, Information and Communication Engineers place the EADFB laser with an EADFB SOA, and an additional electrical input port must be removed. To solve this problem, we proposed a novel approach called an SOA assisted extended reach EADFB laser (AXEL) [12] , [13] , and this structure also provides improved characteristics with a conventional EADFB laser in spite of the electrical input port for the SOA section being removed. In this structure, the LD and SOA are electrically connected. We used an AXEL to investigate how the electrical connection of the LD and SOA affects the total power consumption in the 1.57-μm-wavelength window [14] . Because an AXEL can improve the launch power of the optical transmitter, we extend this concept to the 1.3 μm wavelength to increase the transmission link budget, and realized a 25-Gbit/s, 80 km SMF transmission compared with the conventional distance of 40 km [15] .
In this paper, we propose the concept of the AXEL. We also describe a design method for this concept and explain the keys to designing this device. We confirm the advantages of the low power operation and extended transmission distance of our designed AXEL in actual use compared with the conventional EADFB laser at 10 Gbit/s in the 1.55-μm-wavelength window. Figure 1 shows the concept of the AXEL. To overcome the limitation of the conventional EADFB laser, an SOA is integrated with an EADFB laser. SOA integration has two advantages. One is the amplified optical output power provided by the SOA with the same injection current as a conventional EADFB laser [12] . Generally the optical output power of a conventional EADFB laser is affected by the EAM optical loss. This means that some of the current injected into the LD section is used to compensate for the optical loss of the EAM. On the other hand, the optical output from the SOA is not affected by the EAM optical loss, because the SOA is close to an output facet of the device. When the LD and SOA are fabricated with the same MQW Fig. 1 Concept of AXEL. structure, the induced gain becomes roughly the near value. So the current efficiency to optical power ratio for an SOA is better than that of an LD in terms of EAM optical loss. For this reason, the optical output power of an AXEL is larger than that of a conventional EADFB laser as shown in Fig. 1 . The other advantage of an AXEL is chirp compensation thanks to the SOA [9] . This is the result of the reversed carrier density change for the EAM and the SOA sections. As shown in Fig. 1 , when the SOA is integrated with an EADFB laser, the sum of the LD and SOA lengths naturally exceeds the LD length, and therefore the electrical resistance of the LD and SOA sections for the AXEL is smaller than that of LD section of the EADFB laser, and this results in a reduction in the bias voltage for the LD section. In addition, when the SOA is integrated with an EADFB laser, the LD section current is reduced and the output power from the LD inevitably decreases. This results in a reduction in the photocurrent and power consumption (P) of the EAM.
Concept
On the other hand, there is one problem as regards SOA integration. That is, an additional electrical input port is needed for the SOA compared with the conventional EADFB laser. To overcome this problem and finally replace the EADFB laser with an EADFB laser integrated with an SOA, we propose a novel approach as shown in Fig. 1 . The LD and SOA sections are electrically connected, and the injected current is automatically divided into each section according to their lengths. No additional electrical input port is needed to operate this device. From the point of view of the fabrication process, no additional epitaxial growth for the SOA section is required. We employed the same InGaAlAs core layer for the LD and SOA section. The InGaAlAs EA core layer is butt-jointed to the LD and SOA core layer. With the AXEL we can expect improved energy efficiency and transmission characteristics compared with the conventional EADFB laser without any drawbacks. In the next section, we describe the AXEL design method.
Design Methodology
In this section, we describe the design methodology we used for the AXEL. Figure 2 shows the AXEL calculation model and related assumptions. Since the LD section of the conventional EADFB laser is driven by an injection current (I LD ) of 80 mA [10] , we set the sum of the injection currents for the LD and SOA (I active ) for the AXEL at the same value. We also set the sum of the LD and SOA lengths at 400 μm to investigate the tendency at the near value of the carrier density for the LD and SOA sections previously reported in Ref. [10] . As shown in Fig. 2 , we changed the ratio of the length, and this changed the ratio of the current. When we fabricate the LD and SOA using the same MQW structure, the current is automatically divided according to their lengths [12] .
Next, we calculated the light-current (L-I) characteristics for the LD section by using LASTIP (Crosslight Inc.) [16] . To calculate the output power of a DFB laser, we calculate the output power of a 300-μm-long FP laser with a mirror loss of 40 cm −1 . We estimate that the L-I curve of the FP laser with the different lengths by using the assumption of the same mirror loss. We estimate the output power of the DFB laser is 1.8 times larger than that of the FP laser with the anti-reflection and high reflection coated facets. In this estimation, a grating coupling coefficient (κ) is changed as the cavity length changes. We used the κ value of 60 cm −1 for the 200-μm DFB laser. Figure 3 shows the calculated output power from a DFB laser whose cavity length ranges from 100 to 400 μm. From the assumption in Fig. 2 , the allocated I LD values for 100, 150, 250, and 300 μm LDs are 20, 30, 50, and 60 mA, respectively. As indicated in Fig. 3 , the calculated output powers for 100, 150, 250, and 300 μm LDs are 5.4, 9.1, 11.5, and 12 dBm, respectively. This means that the output power is greatly reduced when the cavity length is reduced to 100 from 150 μm. This is caused by the reduced gain from a small active volume, and as the cavity becomes short, it will be difficult to overcome a threshold gain.
The modulated output power (P avg ) [dBm] of the AXEL can be expressed by
when P LD [dBm] is the LD output power, α EA [dB] is the optical loss of the EAM, and g SOA [dB] is the SOA gain. We can estimate P LD from Fig. 3 for the various LD lengths. The α EA value is set at roughly 7 dB, which is a typical value when the bias is applied to the EAM. The SOA gain is also calculated with the help of a rate equation. The calculation method and the parameter values are provided in Ref. [10] . Figure 4 shows the SOA length, and the dependence of the calculated gain versus the optical input power on the SOA injection current. From these calculated results, we can estimate the way in which the ex- tinction ratio is affected by the SOA gain. When the LD and SOA lengths are 300 and 100 μm, respectively, the calculated output power from the LD is 12 dBm and the estimated optical input into the SOA section is 5 dBm, because the α EA is set at 7 dB. If the dynamic extinction ratio (DER) from the EAM is 8 dB and the "1" and "0" levels of the eye diagram input into the SOA are 9 and 1 dBm, respectively, with a center power of 5 dBm, the calculated gain of the 100-μm SOA for each level is 2.3 and 2.8 dB. This means the DER of the eye diagram from the EAM is slightly reduced when the modulated signal propagates in the SOA. As shown in Fig. 4 , when designing the AXEL it is important to design an input power to the SOA that can provide a flat gain at both the "1" and "0" levels. Figure 5 summarizes the calculated modulated output power emitted from the SOA. The modulated output power is estimated to be 3-dB smaller than the "1" level output power. The extinction ratio is also estimated under the assumption that the extinction ratio of the eye diagram from the EAM is 8 dB. The output power from the SOA increases as the SOA length increases. But too long an SOA will result in a reduction in output power of the LD section as described in Fig. 3 . On the other hand, the extinction ratio decreases slightly as the SOA length increases. This is caused by the gain saturation of the SOA section as described in Fig. 4 . The key to designing the AXEL is to balance the optical power of the LD and the SOA gain while maintaining the extinction ratio. Table 1 summarizes the qualitative considerations when designing the AXEL. As the LD becomes shorter, it becomes difficult for the LD to provide a sufficient gain to overcome a threshold gain, and the reduced output power from the LD becomes larger than the gain increase of the SOA. On the other hand, as the SOA becomes shorter, the SOA gain decreases but the output power of the LD increases. The key is to balance the LD and SOA lengths while tuning the reduced optical output power from the LD and the SOA gain. In addition, we need to take account of the pattern effect of the SOA section. The pattern effect can be suppressed by increasing the current of the SOA section [10] . The pattern effect influences the clearness of the eye diagram, and it is evaluated in terms of the bit error rate. For this reason, we need to confirm the effectiveness of the SOA by measuring the BER characteristics.
In this work, we set the LD and SOA lengths at 300 and 50 μm, respectively, to balance the pattern effect and SOA gain. We already have experimental data showing that the pattern effect is suppressed as I SOA increases [11] . The other length ratio between the LD and SOA needs to be investigated to determine whether or not error-free operation can be obtained for the transmission after an appropriate distance.
Before measuring the characteristics of the designed AXEL, we estimated the actual current for the LD and SOA sections, because we cannot change the current value for these sections independently for the AXEL. I LD and I SOA can be estimated by
where I active is the injection current to the total active layer, and L LD and L SOA are the LD and SOA lengths, respectively. To estimate the actual current, we used an AXEL whose electrical input port was not connected. By using the device, we injected current only into the LD section and measured the photocurrent of the EAM with an EAM bias voltage of (V EA ) −2.4 V. Next, we electrically connected the LD and SOA sections, and injected current and measured the difference from the previously measured value. With this method, we estimated the relation between the I active value and I LD and I SOA . Figure 6 shows measured relation between the I active value and I LD and I SOA . As shown in the figure, the current is actually divided almost according to the L LD and L SOA ratio corresponding to Eqs. (2), (3), and (4).
Device Characteristics
We fabricated an AXEL using the design methodology described above. Some of the basic structure has already been reported [10] . In addition, the electrical input ports of the LD and SOA sections are connected, and therefore the voltage for these sections automatically becomes the same for the AXEL. In this paper, the designed LD length (L LD ) and SOA length (L SOA ) are 300 and 50 μm, respectively, to balance the output power of the LD and the SOA gain while suppressing the pattern effect of the SOA section. Figure 7 shows the light-current (L-I) characteristics of the EADFB laser and the AXEL at 50
• C. The EA section is in an open circuit condition. The estimated optical fiber coupling loss is about 1.5 dB. As shown in the figure, the threshold current of the AXEL is larger than that of the EADFB laser because the AXEL needs additional current to compensate for the SOA loss, in other words, to make the SOA transparent. But when the current is increased, the efficiency of the current to optical power ratio of the AXEL is much larger than that of the EADFB laser. This result indicates that we can expect the AXEL to exhibit more energy efficient operation than the EADFB laser at an I active of 80 mA. Figure 8 shows the static extinction characteristics of the EADFB laser and AXEL at 50
• C. The emitted optical output power from the EADFB laser or AXEL was measured when the V EA was changed. As shown in the figure, when I LD and I active were both 80 mA, the optical output power of the AXEL was larger than that of the EADFB laser at V EA values of 0 to −3 V. From this result, we estimated the extinction ratio of an eye diagram. If V EA is −2.0 V, and the modulation voltage swing (V pp ) is 2.0 V, the bias volt- age for the "1" and "0" eye diagram levels are −1 and −3 V, respectively. We can estimate the DER by calculating the difference between the optical output powers with V EA values of −1 and −3 V. As shown in Fig. 8 , both the "1" and "0" levels of the eye diagram are amplified for the AXEL, and this means that the extinction ratio is maintained when the gain saturation of the SOA section is effectively suppressed.
To investigate the influence of the SOA on the electrical to optical (E/O) bandwidth, we measured the small signal E/O response of the EADFB laser integrated with an SOA. Figure 9 shows the E/O response of the EADFB laser with an SOA whose I LD was 60 mA. The current to the SOA section was changed from 5 to 25 mA. This condition is similar to the transmission experimental condition that is described later. In the transmission experiment, we assumed that the injected currents for LD and SOA sections for a 300-μm LD and a 50-μm SOA were 69 and 11 mA, respectively, when I active was 80 mA. Figure 9 clearly indicates that the AXEL has a large current tolerance as regards the 3-dB-down frequency bandwidth ( f 3 dB ). Generally, the carrier life time is about 100 ps, which corresponds to about 10 GHz. If the carrier density in the SOA is sufficient, the current dependence of the frequency response will not be observed. But if the carrier density is not enough, the carrier will recover with time of 100 ps, and the frequency response shows some difference. As shown in Fig. 9 , the current dependence of the frequency response is small. In this work, the SOA length is designed to 50 μm, and this design can provide the SOA with the sufficient current density. Thanks to the ridge structure and InGaAlAs core layer of the EAM, an f 3 dB of over 20 GHz was obtained with an SOA current of 5 to 25 mA. This value is sufficient for 10-Gbit/s operation. Because 1.55-μm EADFB lasers are widely used for 80-km SMF transmission applications, we compared the transmission characteristics of an EADFB laser with that of an AXEL. We set the operating temperature and the V EA at 50
• C and −2.0 V, respectively. We used a 9.95-Gbit/s, nonreturn-zero (NRZ), pseudorandom binary sequence (PRBS) of 2 31 − 1. The V pp was set at −2.0 V. Figure 10 shows the eye diagrams after an 80-km SMF transmission and the bit-error-rate (BER) characteristics for the EADFB laser and AXEL. In this experiment, the injection current for the AXEL is reduced from 80 to 50 mA, while the BER is maintained to be similar value of the EADFB laser. As seen in the figure, there was no large difference for the BER characteristics between the EADFB laser with an I LD of 80 mA and an AXEL with an I active of 50 mA. In this case, the power consumption of the AXEL was about 70 mW while that of the EADFB laser was about 150 mW, as shown later in Table 2. A 50% reduction in power consumption was realized with the AXEL for the same transmission distance of 80 km. Figure 11 shows eye diagrams and BER characteristics for the EADFB laser and AXEL at 50
• C. V EA was set at −2.4 V to investigate the upper limit of the transmission distance. A clear eye diagram after a 100-km SMF transmission was obtained with the AXEL when I active was 80 mA.
On the other hand, the eye diagram of the EADFB laser after transmission through a 100-km SMF had deteriorated with the same I LD . We consider this was caused by the chirp compensation that was required due to the SOA section [9] - [12] . The transmission distance of the AXEL can be extended to 100 km. Table 2 shows the typical EADFB laser and AXEL characteristics at 50
• C. When we compared an EADFB laser whose V EA was −2.0 V with an AXEL whose I active and V EA were 50 mA and −2.0 V, respectively, we found that the power consumption could be roughly halved. In this case, an 80 km transmission through SMF could be obtained for both devices. The P avg for the AXEL is larger than that of the EADFB laser. To evaluate the upper limit of the transmission distance, we reduced V EA from −2.0 to −2.4 V. In this case, the P avg decreased due to the increased loss of the EA section. When I LD and I active were both 80 mA, the P avg of the AXEL was 3.4 dB larger than that of the EADFB laser. As shown in Fig. 11 , a 100 km transmission through SMF was only obtained with the AXEL thanks to its large output power. As shown in Table 2 , we can extend the transmission distance by changing the V EA from −2.0 to −2.4 V. This is caused by the K-K relation that inevitably increases the loss of the EA section with the improved chirp parameter. AXEL can ease this limitation, because this concept can improve the current efficiency to optical power ratio. These results indicate that the AXEL can provide both an increased P avg and an extended transmission reach simultaneously without an additional electrical input port compared with a conventional EADFB laser. These results clearly indicate that the AXEL can replace the EADFB laser.
Conclusion
We have proposed a novel structure for an SOA assisted extended reach EADFB laser (AXEL) to overcome the limitation of the conventional EADFB laser. We explained the design methodology of the AXEL, which involved balancing the lengths of the LD and SOA. We then employed the design to fabricate a 1.55-μm AXEL by using InGaAlAs material for the LD, EA, and SOA core layers. With this AXEL, we roughly halved the power consumption and extended the transmission distance by 20 km at a signaling rate of 10 Gbit/s. We were able to operate the AXEL using the same electrical input port for the LD and SOA sections, and therefore no additional electrical input port was required. These results indicate that the AXEL can replace the EADFB laser. 
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